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6HQVLWLYLW\RI WKHPHFKDQLFDOSURSHUWLHVRIJHRPDWHULDOV WRFKHPLFDOSURFHVVHV LVNQRZQWREULQJDERXWHLWKHUVWUHQJWKHQLQJRU
ZHDNHQLQJHIIHFWVWKHODWWHUEHLQJFULWLFDOIRUVDIHW\DVVHVVPHQWLQDQXPEHURIFLYLODQGHQHUJ\HQJLQHHULQJDSSOLFDWLRQV,QWKLV
ZRUN FRXSOLQJRI FKHPLFDO DQGPHFKDQLFDO SURFHVVHV LQERQGHGJHRPDWHULDOV LV LQYHVWLJDWHGE\GHYHORSLQJ DPLFURVWUXFWXUH
LQVSLUHGPRGHOZKLFKLVWKHQYDOLGDWHGDJDLQVWDQXPEHURIGLIIHUHQWFKHPRPHFKDQLFDOH[SHULPHQWVRQFDOFDUHQLWH7KHPRGHO
LVVKRZQWRSURYLGHDIOH[LEOHIUDPHZRUNIRUFRQVLVWHQWLQWHUSUHWDWLRQRIH[SHULPHQWDOORDGLQJSDWKVDQGFDQEHUHDGLO\DSSOLHG
WR FKDOOHQJLQJ ERXQGDU\ YDOXH SUREOHPV VXFK DV VWXG\LQJ WKH VWDELOLW\ RI VORSHV H[SRVHG WR DFLG UDLQ RU SUHGLFWLQJ WKH
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FHPHQWDWLRQERQGVPD\EHGUDPDWLFDOO\HQKDQFHGE\DQ LQFUHDVH LQDFLGLW\RI WKH UXQRIIZDWHUQDPHO\ IURPDQ
DFLGUDLQHJVHH)XUWKHUWKHUHFHQWLQWHUHVWLQJHRORJLFDO&2VHTXHVWUDWLRQEULQJVFKDOOHQJHVLQSUHGLFWLQJWKH
HIIHFWLYHQHVVRILQMHFWLRQVVLQFH&2XSRQEHLQJLQMHFWHGUHDFWVZLWKEULQHSURGXFLQJDZHDNDFLGZKLFKFDQLQ
WXUQ UHDFWZLWK WKH VXUURXQGLQJJHRPDWHULDO HVSHFLDOO\ LI WKH UHVHUYRLU URFNKDV IXOO\FDUERQDWHFRPSRVLWLRQ HJ
OLPHVWRQH VHH  RU LV FDUERQDWHFHPHQWHG HJ FDOFLWH FHPHQWHG VDQGVWRQH VHH  2Q WKH RWKHU KDQG WKH
WHFKQLTXH RI DFLG VRIWHQLQJ RI URFNV SULRU WR K\GUDXOLF IUDFWXULQJ LQ XQFRQYHQWLRQDO JDV DQG RLO UHFRYHU\ RU KHDW
UHFRYHU\IURPJHRWKHUPDOUHVHUYRLUVSRVHVLQWHUHVWLQJTXHVWLRQVLQHQVXULQJWKHFRQWURORIWKHSURFHVV
7KHDLPRIWKLVZRUNLV WRLQYHVWLJDWHFRXSOLQJRIFKHPLFDODQGPHFKDQLFDOSURFHVVHVLQYROYHGLQZHDNHQLQJRU
VWUHQJWKHQLQJ RI ERQGHG JHRPDWHULDOV E\ PHDQV RI D PLFURVWUXFWXUH LQVSLUHG PRGHO 7KH PLFURVFDOH PRGHO LV
FDOLEUDWHGRQEXW LW LVQRW OLPLWHG WRD UHJXODUDUUD\RIJUDLQVDQGERQGVXQGHUJRLQJGLVVROXWLRQRUGHSRVLWLRQRI
PLQHUDO PDVV ZKLFK ERWK DIIHFW JHRPHWULFDO FKDUDFWHULVWLFV RI WKH V\VWHP 6LPSOH UHDFWLRQV RI GLVVROXWLRQ DQG
GHSRVLWLRQ EHWZHHQ SRUH IOXLG DQG VROLGPLQHUDOV DUH FRQVLGHUHG WKXV FRPSOH[ SKHQRPHQD LQYROYLQJ VROLGVROLG
PDVVH[FKDQJHDUHQHJOHFWHGIRUWKHVDNHRIVLPSOLFLW\9DULDEOHJHRPHWULFDOFKDUDFWHULVWLFVDUHXVHGWRGHWHUPLQH







DUH PDGH RI FDOFLXP FDUERQDWH DQG WKH FDVH RI QRQUHDFWLYH JUDLQV DQG UHDFWLYH ERQGV HJ VLOLFLF VDQG ZLWK
FDUERQDWH ERQGV :KLOH LQ WKH IRUPHU FDVH WKH WLPHVFDOHV RI GLVVROXWLRQGHSRVLWLRQ RI JUDLQV DQG ERQGV DUH
FRPSDUDEOHLQWKHODWWHUFDVHWKHWLPHVFDOHRIUHDFWLRQRIERQGVLVQHJOLJLEO\VPDOOFRPSDUHGWRWKDWRIWKHJUDLQV





7ZR W\SHV RI LQIRUPDWLRQ FDQ EH REWDLQHG IURP WKH H[LVWLQJ OLWHUDWXUH LQIRUPDWLRQ RQ WKH PDWHULDO VWUHQJWK
FKDQJHDQGRQVWLIIQHVVFKDQJHGXHWRPHFKDQLFDOORDGLQJDQGFKHPLFDOGLVVROXWLRQWKDWLVW\SLFDOO\SURYLGHGE\
PDFURVFDOHH[SHULPHQWVDQGLQIRUPDWLRQDERXWWKHFKHPLFDOSURFHVVHVRIGLVVROXWLRQDQGSUHFLSLWDWLRQRIWKHNH\
PLQHUDOVZKLFK LV REWDLQHG IURPPLFURVFDOH LQIRUPDWLRQ&RQVHTXHQWO\ZH FRQVWUXFW D WZRVFDOHPRGHO ZKLFK
LQFOXGHV L D PDFURVFDOH FKHPRHODVWRSODVWLF PRGHO ZKHUH ERWK WKH DSSDUHQW SUHFRQVROLGDWLRQ VWUHVV DQG WKH
DSSDUHQWLVRWURSLFWHQVLOHVWUHQJWKGHSHQGRQWKHPDWHULDOPLFURVWUXFWXUDOIHDWXUHVDQGLLDQLQWHJUDWHGPRGHOIRU
PDVV FKDQJH RI PLQHUDOV LQ WKH IUDPHZRUN RI DQ LGHDOL]HG HYROYLQJ PLFURVFDOH VWUXFWXUH RI JUDLQV DQG ERQGV
VXEMHFWWRUHPRYDORUDGGLWLRQRIPLQHUDOPDVVORFDOL]HGPHFKDQLFDOIDLOXUHDQGFKHPLFDOKHDOLQJ









VWUHQJWK FRPSDUHG WR XQFHPHQWHG VRLO GXH WR WKH SUHVHQFH RI FHPHQWDWLRQ ERQGV  &RXSOLQJ ZLWK WKH
PLFURPHFKDQLFDOEHKDYLRULVLQWURGXFHGE\DVVXPLQJWKDWSWHQVDQGSFRPSGHSHQGRQWKHPHDQVSHFLILFFURVVVHFWLRQ
DUHD ED RIDOOPHFKDQLFDOO\DFWLYHFHPHQWLQJERQGVFRUUHVSRQGLQJWRXQEURNHQERQGVWKXVµDFWLYHO\¶FRQWULEXWLQJ
WR WKHPDFURVFRSLF VWUHQJWK)XUWKHU D VLPSOLILHGKDUGHQLQJ UHODWLRQVKLS VLPLODU WR WKDW RI&DP&OD\ LV DGRSWHG
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DVVXPLQJQHJOLJLEOHHODVWLFFRPSUHVVLELOLW\+RZHYHU WKHSURSRVHGFRQVWLWXWLYH IUDPHZRUN LVQRW OLPLWHG WR WKH
DERYHRXWOLQHGVLPSOHDVVXPSWLRQV
7KH PDFURVFRSLF VWUDLQ WHQVRU LV GHFRPSRVHG LQWR DGGLWLYH HODVWLF DQG SODVWLF SDUWV 7KH PDFURVFRSLF HODVWLF
EHKDYLRURIWKHPDWHULDOLVGHVFULEHGLQWKHIUDPHZRUNRIK\SHUHODVWLFLW\DQGHODVWRSODVWLFFRXSOLQJDQGFDQWKXV




  H S EPI I İ İ   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
$PDFURVFRSLFYDULDEOHPE LV WKH WLPHLQWHJUDWHGPDVV FKDQJHRI DOOPHFKDQLFDOO\ DFWLYH FHPHQWLQJERQGVSHU
XQLWYROXPHIURPDUHIHUHQFHFRQILJXUDWLRQPE
)URPWKHFKHPLFDOSRLQWRIYLHZIRUWKHFDVHRIRQO\UHDFWLQJERQGVFIGXULQJFHPHQWGLVVROXWLRQDIUDFWLRQ
RI FHPHQW ERQGV ZKLFK LQ D JHQHUDO VLWXDWLRQ FDUULHV D IUDFWLRQ RI WKH RYHUDOO VWUHVV GLVDSSHDUV FDXVLQJ WKH
UHGXFWLRQ RI DE 7KLV OHDGV WR D VWUHVV LQFUHDVH LQ WKH UHPDLQLQJ IUDFWLRQV RI WKH ERQGV WKXV LQGXFLQJ VWUDLQV DW















JHQHUDO FHPHQW GLVVROXWLRQGHSRVLWLRQ DIIHFWV VRLO¶V PHFKDQLFDO VWUHQJWK LQ WZR ZD\V QDPHO\ L WKURXJK WKH
UHVWRUDWLRQRISUHYLRXVO\EURNHQERQGVDQGLLWKURXJKWKHUHGXFWLRQLQFUHDVHRIWKHERQGFURVVVHFWLRQV,QIDFWLQ
JHQHUDOFHPHQWGLVVROXWLRQGHSRVLWLRQLVH[SHFWHGWRDIIHFWERWKSRURVLW\DQGWKHWKLFNQHVVRIERQGV
7KH FRQVWLWXWLYH FRQFHSWV GHVFULEHG DERYH DUH EDVHG RQ WZR NH\ PDFURVFRSLF TXDQWLWLHV WKH FURVV VHFWLRQ RI
DFWLYHERQGVDEDQGWKHUHDFWLYHVXUIDFHDUHDDUZKLFKPXVWEHGHILQHGLQWHUPVRIPLFURVFRSLFYDULDEOHV7RUHODWH
WKH HYROXWLRQ RI PLFURVFRSLF YDULDEOHV ZLWK WKH PDFURVFRSLF FKHPRPHFKDQLFDO GHVFULSWLRQ RI WKH PDWHULDO
UHIHUHQFH LV PDGH WR D VLPSOLILHG PLFURVFRSLF JHRPHWU\ $V DQ H[DPSOH LQ )LJXUH D D ' VFKHPDWLF RI WKH
FRQVLGHUHGJHRPHWU\DW WKHPLFURVFRSLFVFDOHLQVSLUHGIURPPLFURVFRSHSKRWRJUDSKVRIWKLQVHFWLRQVRIFDOFDUHRXV
URFNVLVVKRZQLQWKHJHQHUDOFDVHZKHUHJUDLQVPLJKWQRWEHLQGLUHFWFRQWDFWEXWWKH\DUHOLQNHGE\FHPHQWDWLRQ
ERQGV WKDW DUH DVVXPHG WREH LVRWURSLFDOO\GLVWULEXWHG ,Q D ODUJHSRURVLW\ FRQILJXUDWLRQ VXFK DV WKDW LOOXVWUDWHG LQ





OHQJWKG WKHPHDQGLVWDQFHEHWZHHQJUDLQHGJHVYEYJ WKHERQGDQGJUDLQVSHFLILFYROXPHDQGHHS WKHWRWDODQG
SODVWLFVWUDLQWHQVRU7KHLQWHUHVWHGUHDGHULVUHIHUUHGWRIRUIXUWKHUGHWDLOV






7KH DERYH GHVFULEHG PRGHO ZDV QXPHULFDOO\ LQWHJUDWHG WKURXJK D IXOO\ LPSOLFLW EDFNZDUG (XOHU LQWHJUDWLRQ
VFKHPH VKRZLQJDGHTXDWHFRQYHUJHQFH7KHPRGHOFDSDELOLWLHV WR UHSURGXFH WKHH[SHULPHQWDO FKHPRPHFKDQLFDO
EHKDYLRURIERQGHGJHRPDWHULDOVZHUHWHVWHGE\VLPXODWLQJDVHULHVRIORDGLQJSDWKVDORQJWKHOLQHVRIH[SHULPHQWDO
GDWDSRLQWV UHSRUWHG LQ WKH OLWHUDWXUH DIWHU KDYLQJ GHGXFHG WKH UHOHYDQW SDUDPHWHUV DV PXFK DV SRVVLEOH IURP
SXEOLVKHGGDWD
$VDILUVWH[DPSOHWKHPRGHOLVWHVWHGE\VLPXODWLQJXQFRQILQHGFRPSUHVVLRQWHVWVRQVDWXUDWHGFDOFDUHQLWHE\





SURSHUWLHV RI FDOFLWH FHPHQW DQG RI WKH XQERQGHG JUDQXODU PDWHULDO DQG LV FDOFXODWHG XSRQ WDNLQJ WKH VHFRQG
GHULYDWLYHRIWKHIUHHHODVWLFHQHUJ\GHQVLW\ZLWKUHVSHFWWRHODVWLFVWUDLQ7KXVZHREWDLQDQH[SUHVVLRQRIWKHIRUP
 J E E E( ( D ( DD D     
ZKHUH (J DQG (E WKH HODVWLF PRGXOL RI XQFHPHQWHG VROLG VNHOHWRQ DQG RI FRPSOHWHO\ FHPHQWHG VRLO ZKLFK LV
DSSUR[LPDWHGZLWK WKDWRISXUHFDOFLWH UHVSHFWLYHO\DQGSDUDPHWHUD  ,W VKRXOGEHQRWHG WKDWHTQ  LVDOVR
FRQVLVWHQW ZLWK PL[WXUH WKHRU\EDVHG UXOHV WR REWDLQ WKH HTXLYDOHQW SDUDPHWHUV RI D FRPSRVLWH PDVV W\SLFDOO\
HPSOR\HGLQVRLOLPSURYHPHQWFDOFXODWLRQVHJVHH0RUHRYHUHTQLQFOXGHVHODVWRSODVWLFFRXSOLQJEHFDXVH
WKHFURVVVHFWLRQRIDFWLYHERQGV ED GHSHQGVRQSODVWLFVWUDLQVZKLFKPD\LQGXFHGDPDJHRIHODVWLFVWLIIQHVV
,Q )LJXUH D VLPXODWLRQV RI VWUHVVVWUDLQ FXUYHV GXULQJ XQFRQILQHG FRPSUHVVLRQ WHVWV DUH SORWWHG DW GLIIHUHQW
YDOXHV RI [ WRJHWKHU ZLWK DQDORJRXV H[SHULPHQWDO GDWD 7R DGHTXDWHO\ UHSURGXFH H[SHULPHQWDO FRQGLWLRQV WKH
VLPXODWLRQFRQVLVWHGRI WZRVWHSVQDPHO\RID ILUVWVWHSUHSURGXFLQJH[SRVXUH WRDQDFLGVROXWLRQXS WR WKH WDUJHW
YDOXH RI [ DQG RI D VHFRQG VWHS VLPXODWLQJ WKH XQFRQILQHG FRPSUHVVLRQ WHVW LQ WKH ZHDWKHUHG PDWHULDO 7KH
UHSURGXFWLRQ RI H[SHULPHQWDO GDWD LV HVSHFLDOO\ DFFXUDWH XQWLO WKH XOWLPDWH VWUHQJWK LV DWWDLQHG $IWHU WKH SHDN
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,Q WKLVZRUN DQ LQQRYDWLYH JHQHUDO WZRVFDOHPRGHOOLQJ IUDPHZRUN DEOH WR DFFRXQW IRU WKHNH\ DVSHFWV RI WKH
FRXSOHGFKHPRPHFKDQLFDOEHKDYLRURIERQGHGJUDQXODUPDWHULDOVLVSUHVHQWHGDQGYDOLGDWHGDJDLQVWH[SHULPHQWDO
HYLGHQFH7KHSURSRVHGIUDPHZRUN LQFOXGHVDQ LQWHJUDWHGPRGHO IRUPDVVFKDQJHRIPLQHUDOV LQ WKH IUDPHRIDQ
LGHDOL]HG HYROYLQJ PLFURVFDOH VWUXFWXUH RI JUDLQV DQG ERQGV VXEMHFW WR UHPRYDO RU DGGLWLRQ RI PLQHUDO PDVV
ORFDOL]HGPHFKDQLFDO IDLOXUHDQGFKHPLFDOKHDOLQJDQGDPDFURVFDOHFKHPRHODVWRSODVWLFPRGHOZKHUHERWK WKH
\LHOG VWUHVV XQGHU LVRWURSLF FRPSUHVVLRQ DQG WKH LVRWURSLF WHQVLOH VWUHQJWKGHSHQGRQ WKHPDWHULDOPLFURVWUXFWXUDO
IHDWXUHVLQFRUSRUDWLQJHODVWRSODVWLFFRXSOLQJWRGHVFULEHWKHGHJUDGDWLRQRIHODVWLFSURSHUWLHVGXHWRPHFKDQLFDOO\
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LQGXFHGGHERQGLQJ
)RUWKHVDNHRIVLPSOLFLW\WKHGLVWULEXWLRQRIERQGVDQGWKHLUFURVVVHFWLRQVDUHDVVXPHGLVRWURSLFDQGWKHPRGHO
SUHVHQWDWLRQ LVEDVHGRQVLPSOH OLQHDU LVRWURSLFHODVWLFLW\DQG&DP&OD\\LHOGIXQFWLRQ7KHSURSRVHGFRQVWLWXWLYH
IUDPHZRUN LV QRW KRZHYHU OLPLWHG WR WKHVH VLPSOH DVVXPSWLRQV DQG FRXOG EH VWUDLJKWIRUZDUGO\ DSSOLHG WRPRUH
FRPSOH[ HODVWLFLW\ PRGHOV DQG \LHOG IXQFWLRQV 0RUHRYHU WKH SURSRVHG IUDPHZRUN FRXOG EH HDVLO\ H[WHQGHG WR
VLWXDWLRQVLQYROYLQJWKHSUHVHQFHRIGLIIHUHQWIDPLOLHVRIFHPHQWDWLRQERQGVFKDUDFWHUL]HGE\GLIIHUHQWVWUHQJWKVDQG
FKHPLFDOGLVVROXWLRQSURSHUWLHV
,W FDQ EH FRQFOXGHG WKDW WKH SUHVHQWHG PRGHO SURYLGHV D SRZHUIXO DQG IOH[LEOH IUDPHZRUN IRU DGHTXDWHO\
UHSURGXFLQJGLIIHUHQWH[SHULPHQWDOFKHPRPHFKDQLFDO ORDGLQJSDWKV,W LVZRUWKUHPDUNLQJWKDW WKHPRGHOLV WREH
LQWHQGHG DV DQ RSHQ IUDPHZRUN UDWKHU WKDQ EHLQJ VSHFLDOL]HG RQ D SDUWLFXODU PDWHULDO W\SH 'LIIHUHQW DGGLWLRQDO
HIIHFWVVXFKDVPHFKDQLFDODQLVRWURS\FRXOGHDVLO\EHLQFRUSRUDWHGGHSHQGLQJRQPRGHOLQJQHHGV
$FNQRZOHGJHPHQWV
7KH ILUVW WZR DXWKRUV DFNQRZOHGJH ILQDQFLDO VXSSRUW IURP WKH (8 UHVHDUFK SURMHFW (5&$'*
,167$%,/,7,(67KHWKLUGDXWKRUDFNQRZOHGJHVILQDQFLDOVXSSRUWIURPWKH³9LVLWLQJ3URIHVVRU´SURJUDPPH
























>@ & 2X 7:X + +VLHK $QDO\VLV RI GHHS H[FDYDWLRQ ZLWK FROXPQ W\SH RI JURXQG LPSURYHPHQW LQ VRIW FOD\ -RXUQDO RI *HRWHFKQLFDO
(QJLQHHULQJ±
>@02&LDQWLD5&DVWHOODQ]D&'L3ULVFR([SHULPHQWDO VWXG\RQ WKHZDWHULQGXFHGZHDNHQLQJRIFDOFDUHQLWHV5RFN0HFK5RFN(QJ
GRLV]
>@5&DVWHOODQ]DDQG51RYD2HGRPHWULFWHVWVRQDUWLILFLDOO\ZHDWKHUHGFDUERQDWLFVRIWURFNV-RI*HRWHFKQLFDODQG*HRHQYLURQPHQWDO(QJ
$6&(±
